Inoculation of corn (Zea mays) seeds with Azospirillum brasilense strain Cd or Sp 7 significantly enhanced (30 to 50% over controls) the uptake of N03 , K+, and H2PO4 into 3-to 4-day-and 2-week-old root segments. No gross changes in root morphology were observed; altered cell arrangement in the outer four or five layers of the cortex was seen in photomicrographs of cross sections of inoculated corn roots. The surface activity involved in ion uptake probably increased, as shown by the darker staining by methylene blue of the affected area. Shoot dry weight increased 20 to 30% in inoculated plants after 3 weeks, presumably by enhancement of mineral uptake. Corn and sorghum plants grown to maturity on limiting nutrients in the greenhouse showed improved growth from inoculation approaching that of plants grown on normal nutrient concentrations. Enhanced ion uptake may be a significant factor in the crop yield enhancement reported for Azospirillum inoculation.
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Inoculation of crop plants with N2-fixing bacteria of the genus Azospirillum was proposed in the mid-1970s as a new approach in providing fixed nitrogen, thereby decreasing fertilization requirements or increasing yield or both (3). Results have been highly variable. Recent experiments in Israel have demonstrated the anticipated benefit in that geographic area: the dry weight (1, 7, 12) and total nitrogen content of maize, sorghum, and Setaria italica inoculated with Azospirillum spp. increased significantly. Yields of several field-grown grain and forage crops also increased significantly in multipleyear experiments at several different locations (9) . Growth-room experiments with '5N2 (2, 5) or by the 15N isotope dilution method (6) 12 ,500 dpm of 86Rb+ per ml) and H2PO4-(containing about 12,500 dpm of H232PO4-per ml) nutrient solution to determine the uptake of these ions (4, 10) .
For microscopic examination, 2-mm root segments were fixed in 5% cold glutaraldehyde-phosphate buffer at pH 7 (Polyscience, Inc.), and polymerized overnight at 16°C. Root sections (5 ,um) were then stained with methylene blue and examined with a light microscope.
Nitrate uptake was measured with 9-day-old corn plants germinated in the dark room for 3 days and transferred to a 500-ml hydroponic culture bottle (two plants per bottle) containing 300 ml of NO3-free, halfstrength Hoagland solution with constant air bubbling. The bottles were maintained overnight in a growth room at 27°C with 63% relative humidity. Bacterial inoculum (1 ml) was added to the bottle after 4 Growth parameters, including fresh and dry weight, were determined for corn and sorghum plants grown to maturity on limiting nutrients with and without A. brasilense inoculation (Tables 3 to 6). The root weight of the 15-day-old corn plant was unaffected, whereas the dry weight of the shoot increased 22 to 60%. The mature dry weight was increased 27 to 34% by inoculation, about half of that produced by nonlimiting nutrients. Similar responses were produced in 55-day-old sorghum, with a 16 to 21% increase in shoot dry weight, equivalent to that for nonlimiting nutrients. Nonlimiting nutrientgrown sorghum plants flowered at an average of 64 days, whereas 64, 63, and 66 days passed before flowering took place in A. brasilense Cdand Sp 7-inoculated and uninoculated limited nutrient-grown plants. Leaf size, rate of appearance (Table 5) , and date of flowering in sorghum suggested faster development by either inoculat- There were no gross changes in root morphology or root weight. Alteration of the cell arrangement in the outer four to five layers of cortex cell of corn roots from inoculated 3-dayold corn seedlings was found (Fig. 1) . The altered area stained darker with methylene blue, suggesting an increase in the surface activity involved in ion uptake.
DISCUSSION
The data presented above demonstrate for the first time that inoculation with either of two strains of A. brasilense produces major increases in the uptake of several mineral ions: NO3, K+, and H2PO4 . Furthermore, these short-term plant-part experiments also increased the shoot dry matter accumulation by corn and sorghum grown on limiting nutrients. These observations suggest that A. brasilense inoculation may improve the efficiency of applied mineral nutrients by helping the plant scavenge limiting nutrients, a role similar to that of mycorrhiza in phosphate recovery. Additional experiments under field conditions will be needed to define the significance of this laboratory phenomenon on crop production (1, (7) (8) (9) 12) . However, one may suggest that the short-term impact of A. brasilense inoculation may be much more important in increasing nutrient recovery than in fixing N2 and transferring this newly fixed nitrogen to the plant. The mechanism of increased ion uptake by A. brasilense-inoculated plant roots is unknown. The increase may relate to the production of hormones by Azospirillum spp. (13) (14) (15) . Pearl millet seedlings produced more root hairs, lateral roots, and mucilaginous sheath (mucigel) in response to inoculation. These effects were attributed to the auxin, giberellin, and cytokinins produced. Moreover, Azospirillum spp. produced in culture polygalacturonic acid transeliminase, and it was suggested that pectinolytic enzymes play an important role in root invasion by Azospirillum spp. Thus, the yield response to Azospirillum spp. may result from several factors. Further morphological, physiological, and biochemical studies on the interaction between the host plant roots and Azospirillum spp. should provide a better understanding of the enhanced ion uptake mechanism.
